Several laboratory surveys have shown that transposable elements (TEs) can cause chromosomal breaks and lead to inversions, as in dysgenic crosses involving P-elements. However, it is not presently clear what causes inversions in natural populations of Drosophila. The only direct molecular studies must be taken as evidence against the involvement of mobile elements. Here, in Drosophila lines transformed with the hobo transposable element, and followed for 100 generations, we show the appearance of ¢ve di¡erent inversions with hobo inserts at breakpoints. Almost all breakpoints occurred in hobo insertion sites detected in previous generations. Therefore, it can be assumed that such elements are responsible for restructuring genomes in natural populations.
INTRODUCTION
The likely importance of TEs in the regulatory evolution of individual chromosomal genes in plants and animals has been well-documented in recent years. The emerging evidence that TEs were a driving force in the evolution of global gene-silencing mechanisms indicates that these elements were also major players in the more general genomic restructurings (McDonald 1998) . To establish the importance of the hobo element in genome evolution, transgenic lines with complete hobo elements were generated after injection of hobo elements into the Hikone strain, which lacks TEs such as P, I and hobo (Ladeve© ze et al. 1994) . Here, we focus on the fate of one of these lines, which presented the highest number of hobo insertions. In this line (no. 28), at generation 50, the number of hobo element insertions detected by in situ hybridization on polytene chromosomes was about ten per larva. At generation 100, this number increased to 18. On the basis of Southern blots, all hobo elements appeared to be full-sized at generations 2, 50 and 100. At generation 2, the hybridization signal was weak; we chose to study this line by in situ hybridization on the chromosomes once we noticed an increase of the hobo signal 50 generations later.
MATERIAL AND METHODS

(a) Strain used and microinjection
Drosophila melanogaster embryos were transformed using a microinjection technique (see Spradling & Rubin 1982) . The strain used as a receptor was Hikone, an E-type strain in the hobo system, i.e. one that lacks hobo elements and which is also devoid of I and P sequences. The plasmid pHFL1 (200 mg ml À1 ) was injected just before pole-cell formation in the posterior ends of 1000 embryos from the Hikone strain (Ladeve© ze et al. 1994; Galindo et al. 1995; Ladeve© ze et al. 1998 ). The microinjected plasmid pHFL1 (Blackman et al. 1989 ) contains one autonomous hobo element and some adjacent genomic DNA from cytogenetic locus 94E, cloned in the pBLUESCRIPT KS plasmid. After hatching, the embryos were transferred to standard Drosophila food medium and maintained at 25 8C. Thirty independent lines were founded by crossing, individually, one injected £y with one non-manipulated Hikone £y. The lines were analysed at generation 2 using the Southern blot technique to check the presence of the hobo element. Hobo positive lines were obtained and maintained at 25 8C during the following generations.
(b) Southern blot
Standard techniques were used for DNA extraction, gel electrophoresis, blotting and hybridization (Maniatis et al. 1982) . Genomic DNA of adult £ies was digested by XhoI: this enzyme cuts near each end of the hobo sequence, yielding a 2.6 kb fragment characteristic of complete hobo elements. After electrophoresis on a 1% agarose gel, transfer and hybridization were performed on Appligene membranes. Hybridizations were carried out overnight at 65 8C in 5Âstandard saline citrate (SSC), 10 Â Denhardt's solution, and 0.1% sodium dodecyl sulphate. The membranes were washed for 40 min at 65 8C in 3ÂSSC, and then twice for 20 min at 65 8C in 1ÂSSC. The ¢lters were then exposed to X-ray ¢lm for 1 or 2 d.
(c) In situ hybridization
In situ hybridization of biotinylated probes (Boehringer kit) to salivary gland polytene chromosomes was adapted from Engels et al. (1986) . This technique permits identi¢cation of the sites of homologous DNAs. The pHFL1 plasmid used in the microinjection step was used as a probe for the in situ hybridizations. At each generation, ten larvae were screened.
RESULTS
At generation 50 (¢gures 1 and 2a), we observed a large paracentric inversion on the 3L arm, In(3L)64C;76B, and the presence of hobo insertions was detected at both breakpoints. One generation later, a new pericentric inversion was observed on the same chromosome (¢gures 1 and 2b), In(3LR)62E;95D, with a hobo insert present in 62E (one of the two breakpoints) and 97B.
At generation 64 (¢gure 1), another inversion on the 3L arm was detected, In(3L)74A;76B, with, again, hobo elements at both breakpoints. Note that 76B was already a breakpoint for the previous In(3L)64C;76B inversion.
At generation 79 (¢gure 1), another small inversion, In(3L)70C;71C, with a hobo insertion at 70C, was observed. This inversion was found together with In(3L)74A;76B, already detected at G64 and probably maintained over generations, again with hobo elements at both breakpoints. Hobo elements were already inserted at 70C, 74A and 76B in the previous generations in most larvae before the occurrence of these two inversions. At generation 79, a new inversion was detected on the 3R arm, In(3R)84D;89F, in another larva, with a hobo insert at 89F (¢gure 1). Five out of the ten breakpoints in these inversions were hobo insertion sites at G50. Except for In(3L)74A;76B, the other inversions were solely observed in one larva, at one generation, and were not previously described. No inversions have been detected over 100 generations in our control Hikone strain. The line n828 presented here showed striking features compared with the six other transgenic lines made from the same Hikone strain previously analysed (Ladeve© ze et al. 1994) . First, the mean number of hobo elements per individual was four times as high as that in the other transgenic lines. Secondly, ¢ve inversions were detected in this one line, whereas only two, with hobo inserts at breakpoints, were observed on chromosomes 2 and 3 in the other lines, although some 300 individuals were analysed over 100 generations. All inversions, most of them paracentric, occurred on chromosome 3, particularly the 3L arm, whereas no rearrangement was found on chromosome 2 in this line. The total number of hobo inserts for chromosome 3 was twice that observed for chromosome 2. No other chromosomal rearrangements, such as deletions or duplications, were found in any line.
According to Lim's data (Lim 1988) for the Uc-1 Xchromosome, and considering (i) that almost all breakpoints occurred in hobo insertion sites detected in previous generations and (ii) that hobo inserts were located at the breakpoints in all the cases, there is a strong suggestion that hobo elements were actively involved in the formation of these inversions. Rearrangements in which the breakpoints lack hobo elements may represent cases in which the hobo elements excised after having caused the rearrangements. The new intrachromosomal rearrangements reported here do not appear to have been described in the literature, neither in natural nor in laboratory populations of D. melanogaster (Ashburner & Lemeunier 1976; Lemeunier & Aulard 1992; Lyttle & Haymer 1992; Eggleston et al. 1996) . All new inversions have one breakpoint similar to that of natural endemic inversions, except In(3L)74A;76B, whose breakpoints were not described before this study.
All these results strongly support the involvement of TEs in causing intrachromosomal rearrangements, and the idea that they would be expected to have a major impact on the genome structure over evolutionary time.
